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ABSTRACT: The effect of curvature on the chemical shielding
of carbons in curved polycyclic aromatic hydrocarbons has been
systematically studied by examining structures analogous to the
circumcoronene molecule with different degrees of curvature. We
attempt to eliminate effects from Knight shifts in carbon
nanotubes, differing ring currents from five-membered rings,
and edge effects in finite nanotube models in order to separate
out the change in shielding that is due to curvature alone. Using
curved structures derived from geometry-optimized structures of
carbon nanotubes, we calculate the carbon chemical shielding
tensor for carbons in the central aromatic ring as well as the Nucleus Independent Chemical Shift (NICS) on the convex and
concave side of each structure. All three tensor components become less shielded with increasing curvature of the system, with
the σ33 component radial to the curve experiencing the greatest change. The NICS values are influenced by both the decrease in
aromaticity as the structure is curved as well as geometric effects that bring the outside rings closer to the central aromatic ring.

■ INTRODUCTION

Curved and bowl-shaped polycyclic aromatic hydrocarbons
(PAH’s) have received interest as models for fragments of
curved fullerenes, and for their enhanced reactivity at central
carbons as compared to flat PAH’s.1 Nanoporous carbon most
likely contains a significant fraction of curved carbon structures,
in addition to flat graphene-like sheets.2−4 Fullerenes and
carbon nanotubes are curved aromatic structures with
interesting mechanical and electrical properties5,6 leading to
various potential applications. Bowl-shaped molecules and
fullerene fragments, such as corannulene7 and sumanene,8

have been synthesized as well. Corannulene contains a central
five-membered ring surrounded by six benzene rings. The
central five-membered ring in corannulene introduces curvature
into the aromatic structure. Sumanene is a bowl-shaped
aromatic structure that forms the end-cap of the fullerene
C60. The structures of corannulene, sumanene, and the flat
analogous molecule coronene are shown in Figure 1.
Carbon nanotubes9 can be thought of as a rolled-up

graphene sheets. The structure of a specific single-walled

nanotube is described by two numbers (n,m) which indicate the
number of a1 and a2 unit vectors in graphene, respectively, that
make up the circumference of the nanotube. These numbers n
and m determine the properties of the nanotube. Nanotubes
with (n,0) are called zigzag nanotubes and nanotubes with (n,n)
are called armchair nanotubes. Other combinations of arbitrary
n and m result in chiral nanotubes. Armchair nanotubes are
always metallic, and zigzag nanotubes are semiconducting.
Zigzag nanotubes for which n is a multiple of three are
semiconducting with a vanishing band gap.10

Curved structures containing aromatic carbon rings have
been studied by Nuclear Magnetic Resonance (NMR) both
experimentally and theoretically.11−15 Experiments indicate that
carbons in curved structures are generally less shielded than
carbons in the corresponding flat structures. For example, the
central carbons in coronene have chemical shift tensor
components of δ11 = δ22 = 199 ppm, δ33 = −38 ppm, and
δiso = 120 ppm, while the central carbons in corannulene have
shifts of δ11 = 224 ppm, δ22 = 177 ppm, δ33 = 6 ppm, and δiso =
136 ppm.11 The two nonequivalent central carbons in
sumanene have chemical shift tensor components of δ11 =
227.2 and 231.7 ppm, δ22 = 178.9 and 181.3 ppm, δ33 = 29.2
and 25.7 ppm, and δiso = 145.1 and 146.2 ppm.12

The difficulty in comparing chemical shifts in flat and curved
structures is that the result will depend on the models chosen
for the flat and curved structures. For example, curved
corannulene and sumanene contain one or more five-
membered rings while planar coronene consists of only six-
membered rings. According to the current density maps
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Figure 1. Structure of (a) coronene, (b) corannulene, (c) sumanene,
and (d) circumcoronene.
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calculated by Fowler and co-workers, changing the number of
carbon atoms in a polycyclic system will influence the magnetic
properties of the system. Coronene and corannulene both have
a diatropic ring current on the outer ring of carbon atoms, and
a paratropic current on the central carbon ring. In coronene,
the diatropic current is larger, whereas in corannulene the
central paratropic current is stronger.16 In contrast, benzene
and circumcoronene experience a diatropic ring current on the
central carbon ring.16,17 Thus, the chemical shift differences
between coronene and corannulene, for example, will be
influenced by both the presence of curvature in corannulene
and the differing magnetic properties of the two compounds. As
another example of the choice of model influencing the
magnetic properties of curved structures, Martıń-Martıńez et
al.18 performed calculations that indicate that edge effects in
finite nanotubes (the length of the nanotube when modeling
finite-length tubes) have an influence on the magnetic
properties of the nanotube.
One example of a system in which curved and flat structures

with the same number of carbons can be compared is
cyclophanes, structures containing aromatic ring systems with
cyclic aliphatic chains connecting the ends of the aromatic
system. The cyclic aliphatic chains constrain the aromatic
system, introducing curvature. Halling et al.13 have used
FIREMAT experiments to measure the chemical shift tensor
components in [2.2]paracyclophane and 1,8-dioxa[8](2,7)-
pyrenophane. The chemical shift tensor components for the
central carbons in the latter are δ11 = 211.9 ppm, δ22 = 171.6
ppm, δ33 = 0.8 ppm, and δiso = 128.1 ppm. In comparison, shift
tensor components for the central carbons in flat pyrene are δ11
= 197 ppm, δ22 = 191 ppm, δ33 = −18 ppm, and δiso = 123.3
ppm.19 Comparing chemical shifts in cyclophanes with a flat
polycyclic aromatic carbon analog also introduces difficulties.
The aliphatic chain constrains the aromatic ring to only one
degree of curvature, and the presence of substituents and crystal
packing effects will also contribute to changes in chemical shifts.
These studies inspired us to carry out a systematic study of the
change in carbon chemical shift in polycyclic aromatic structure
as the degree of curvature of the structure increases.
In addition to the chemical shift of the carbons themselves,

another important parameter related to aromatic hydrocarbons
is the Nucleus Independent Chemical Shift20 (NICS) in, above,
or below the hydrocarbon plane. NICS is the chemical shift that
is felt by a neutron or ghost atom at any position in space.
NICS calculated at a specific point in space can be used as a
measure of the shielding experienced by a nucleus located at
that point that is due to ring current effects from nearby
aromatic rings.21 NICSs calculated at the center or 1 Å above
an aromatic ring have also been suggested as a measure of
aromaticity,20,22 although a more rigorous measure of
aromaticity is obtained by calculating the full current density
map.23 NICS values have been calculated at positions
inside24−26 and outside24 carbon nanotubes, in bowl-shaped
polycyclic aromatic hydrocarbons,27 and at the concave and
convex faces of corannulene2 and sumanene.28

In this work, we systematically examine the effect of
curvature on chemical shielding in the absence of other effects.
In order to remove edge effects, effects from differing ring
current densities due to different number of carbon atoms, and
Knight shifts caused by vanishing band gaps in certain families
of carbon nanotubes,29 we compare flat and curved structures
with the same number of carbon atoms. We do this by
examining the chemical shielding of carbons in circum-

coronene, a 54-carbon polycyclic aromatic hydrocarbon
shown in Figure 1d. We examine both the flat circumcoronene
structure as well as circumcoronene-like structures in which
curvature has been introduced by cutting a 54-carbon fragment
from an optimized nanotube structure and passivating the
dangling bonds with hydrogens. This allows us to determine
the magnitude of the change in shielding that comes from
curvature alone. Curvature was introduced in two mutually
perpendicular directions by considering structures cut from
(n,0) and (n,n) nanotubes. We have investigated both changes
to the chemical shielding tensor of the carbons themselves as
well as the NICS on the concave and convex faces of the curved
structures. The results presented here will be important in
understanding chemical shielding, and by extension exper-
imentally measured chemical shifts, of carbons in and near
curved structures such as curved graphene fragments,
mesoporous carbon materials, nanotubes, and fullerenes.

■ COMPUTATIONAL METHODS
Nanotubes were generated using the nanotube builder
extension in Visual Molecular Dynamics (VMD).30 A unit
cell was created and optimized with periodic boundary
conditions in Gaussian 0931 using the HSEh1pbe func-
tional32−34 and a 6-31G basis set.35 A 54-carbon fragment
was then cut from each nanotube and passivated with hydrogen
atoms, as shown in Figure 2. The positions of the hydrogen

atoms were then optimized at the B3LYP/6-31G level of
theory35−37 while holding the positions of the carbon atoms
fixed to maintain the intended curvature. Chemical shieldings
were calculated for these curved structures using the B3LYP
functional and a 6-311G basis set.38 NICSs were calculated by
placing ghost atoms at the center of the central carbon ring and
on a line normal to the plane containing this ring every 0.25 Å
for a total distance of 10 Å. Due to the curvature, the six central
carbon atoms do not remain coplanar, so for the definition of
the plane containing the central carbon ring, the four carbons

Figure 2. Generation of the curved model structures. A flat
circumcoronene molecule (a) can be curved in either of two mutually
perpendicular directions in order to form zigzag-like (b) or armchair-
like (c) curved 54-carbon structures. (d) Illustration of how a curved
structure is formed by cutting 54 carbons from an (8,8) carbon
nanotube and passivating the edges with hydrogen atoms.
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that do remain coplanar were used. NICS are reported as the
opposite of the calculated shielding, in order to convert
shielding to chemical shift.
For comparison with a flat structure, a 54-carbon fragment

was cut from the structure of graphene optimized using the
HSEh1pbe functional32−34 and a 6-31G basis set,35 the dangling
bonds were passivated with hydrogen atoms, and the positions
of the hydrogen atoms were optimized at the B3LYP/6-31G
level of theory.35−37 Chemical shieldings and NICS were
calculated at the B3LYP/6-311G level of theory38 for the
resulting flat circumcoronene structure and were used for
comparison.
The reported radius of curvature of the nanotubes was

calculated using the following formula:39

π
= + +

r
a n nm m[3( )]

2

2 2 0.5

where a = 1.42 Å.

■ RESULTS AND DISCUSSION
Table 1 lists calculated shielding values for several flat and
curved aromatic structures. Many of these values have been
calculated before and are available in the literature,11,12,19 but
since many of these calculations were done with different
computational methods, we list our values here for consistency.
Another reason for presenting these values in Table 1 is to
show that our calculations have some relevance to experiments
and to verify that the level of theory we have chosen is sufficient
for our purposes. In Figure 3 we compare experimental
chemical shifts available in the literature with our calculated
shielding for these compounds. The agreement is quite good,
allowing us to continue to the discussion of chemical shielding
in our 54-carbon model curved structures.
We first consider the change in the isotropic shielding of the

central carbon atoms as curvature is introduced in a

circumcoronene-like system. Figure 4 shows the differences in
isotropic shielding between the curved and flat 54-carbon

Table 1. Calculated Chemical Shielding and Experimental Chemical Shift Tensor Components in Some Flat and Curved
Structures (ppm)

σ(11) σ(22) σ(33) σ(iso) δ(11) δ(22) δ(33) δ(iso)

corannulenea

hub −36.7 10.7 170.9 48.3 224 177 6 136
rim −29.5 −4.0 185.9 50.8 214 189 −10 131
protonated −40.1 43.9 161.7 55.2 215 145 17 126
coronenea

hub −12.0 −1.2 196.3 61.0 199 199 −38 120
rim −16.0 −11.8 190.5 54.2 204 193 −28 123
protonated −41.5 52.6 161.5 57.5 225 137 7 123
sumaneneb

1,4,7 112.6 150.6 162.5 141.9 57.3 38.6 30.1 42.0
2,5,8 −33.4 44.1 166.9 59.2 207.3 143.0 16.6 122.3
3,6,9 −33.4 44.1 166.9 59.2 210.3 148.9 15.0 124.7
1a,4a,7a −56.8 −0.5 149.2 30.6 231.6 178.0 32.8 147.5
3a,6a,9a −56.8 −0.5 149.2 30.6 237.9 177.7 29.7 148.4
1b,4b,7b −48.1 1.5 150.8 34.7 227.2 178.9 29.2 145.1
3b,6b,9b −48.1 1.5 150.8 34.7 231.7 181.3 25.7 146.2
pyrenec

C1 −38.6 49.6 164.9 58.6 212.0 141.0 21.0 124.7
C2 −52.9 47.0 178.3 57.5 226.0 140.0 4.0 123.3
C4=C10 −44.4 55.2 157.1 55.9 222.0 136.0 21.0 126.3
C3a −29.6 −4.0 188.6 51.7 213.0 187.0 −7.0 131.0
C10b −12.0 −7.9 195.8 58.6 197.0 191.0 −18.0 123.3

aExperimental data from ref 11. bExperimental data from ref 12. cExperimental data from ref 19.

Figure 3. Comparison of experimental chemical shift and calculated
chemical shieldings tensor components for several flat and curved
compounds (data in Table 1). The data can be fit with a linear
regression line having a slope of −0.98 and R2 of 0.99.

Figure 4. Isotropic chemical shielding of “zigzag-like” and “armchair-
like” curved circumcoronene analogs, compared to the isotropic
shielding of flat circumcoronene. Filled markers are for the four
carbons that remain coplanar as the structure is curved and open
markers represent the two carbons that do not remain coplanar.
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structure as a function of the radius of curvature. Introducing
curvature leads to a decrease in isotropic shielding of the central
carbon atoms, and this decrease becomes more pronounced as
the radius of curvature decreases. We introduced curvature
along two mutually perpendicular directions, labeled as the x
and y directions in Figure 1d, by cutting the 54-carbon
fragments from zigzag and armchair nanotubes, respectively.
We term these two sets of curved fragments “zigzag-like” and
“armchair-like” to denote the different directions of curvature.
As can be seen from Figure 4, introducing curvature along the
two perpendicular directions leads to a similar change in
isotropic chemical shielding. In both cases, the isotropic
shielding values approach the value of the flat structure as the
radius of curvature is increased.
When curvature is introduced in either the zigzag-like or

armchair-like directions, the six atoms in the central aromatic
ring do not remain coplanar. Instead, four carbons remain
coplanar and the other two are pulled out of the plane due to
the curvature. Thus, we have presented the average shielding
value for the four coplanar atoms (filled markers in Figure 4) as
well as the average value for the two remaining atoms (open
markers in Figure 4). The latter value is always more shielded,
and, as expected, as the radius of curvature decreases the
difference in chemical shielding between the four coplanar
atoms and the two remaining atoms becomes more
pronounced as the degree of nonplanarity increases. The
difference in shielding between the four coplanar atoms and the
two remaining carbon atoms in the central aromatic ring is
greater in the zigzag-like structure than in the armchair-like
structure because the degree of noncoplanarity of these atoms
is greater in the zigzag-like structures (introducing curvature
along the x direction in Figure 1d pulls these two atoms out of
the plane more than does introducing curvature along the y
direction).
In addition to the isotropic shielding, we also examined how

introducing curvature influences the principal components of
the chemical shielding tensor. The three principal components
of the chemical shielding tensor for each structure are listed in
Table 2. The shielding tensor orientation is similar to that of
polycyclic aromatic hydrocarbons. For a flat aromatic structure,
the σ11 and σ22 components lie in the plane of the aromatic
ring, while σ33 is perpendicular to the plane of the ring. For our
curved structures, the σ33 component is oriented radial to the
curve. In Figure 5, the difference in shielding of each principal
component between the flat and curved structure is plotted as a
function of the radius of curvature. Introducing curvature leads
to a decrease in shielding for all three tensor components, with
the σ33 component having the largest change. A decrease in
shielding, as indicated by a downfield shift in the δ33
component of carbon chemical shift tensors, has been observed
in other curved structures, and has been attributed to the σ33
component in flat structures being influenced primarily by σ
electron density, while the curvature causes this component to
be influenced by π electron density as well.13,12

In addition to the three principal components, σ11, σ22, and
σ33, the shielding tensor can also be described by a span and a
skew.40,41 The span of a shielding tensor, Ω, is defined as the
difference between the most shielded and least shielded
principal components:

σ σΩ = −33 11

The span is therefore a measure of the width of the shielding
tensor. The skew, κ, is defined as

κ σ σ σ σ= − −3( )/( )iso 22 33 11

where σiso is the isotropic chemical shielding. The skew thus
ranges from +1 (when σ11 = σ22) to −1 (when σ22 = σ33). A
skew of zero occurs when σ22 is midway between σ11 and σ33
(i.e., σ22 = σiso).

41

The span and skew of the carbon shielding tensors for the
curved structures are plotted in Figure 6. Filled and open
markers represent the four carbons remaining coplanar and the
two remaining carbons in the central ring, respectively, and the
average span and skew for the six central carbons in a flat
circumcoronene structure are indicated by a dashed line. Since
all principal components are less shielded as the radius of
curvature decreases, and since σ33, the most shielded
component, decreases the most, increasing curvature also
leads to a decrease in the span of the shielding tensor. As the
radius of curvature increases, the span approaches the value of
carbons in the flat structure.
The skew of the shielding tensor for all structures is close to

+1, meaning that the shielding tensor is nearly axially
symmetric with σ11 ≈ σ22. This is a result of the electronic
environment surrounding each carbon being nearly isotropic in
the plane of the central carbon ring. For the armchair-like
structures, introducing curvature leads to only a slight decrease
in the skew (from 0.96 to 0.92) indicating that the difference
between the σ11 and σ22 chemical shielding tensor components
remains small for both the carbons that remain coplanar and
those that do not. In the case of the zigzag-like structures, the
tensor deviates slightly from axial symmetry (to a skew of 0.84
for the most curved structure) for the four carbons that remain
coplanar, whereas the skew increases slightly to 0.98 for the two
carbons that do not remain coplanar when curvature is
introduced. Introducing curvature into the circumcoronene
molecule therefore does not lead to a large deviation from axial

Table 2. Chemical Shielding Tensor Components in Curved
Structures (ppm)a

zigzag-like

radius of curvature σ(11) σ(22) σ(33)

2.35 −24.5 −14.2 −9.5 −10.9 167.0 175.8
2.74 −18.9 −12.0 −7.4 −9.7 176.3 181.5
3.13 −14.7 −9.8 −5.6 −7.4 181.0 185.1
3.52 −11.8 −8.2 −4.2 −5.6 184.7 187.9
3.91 −9.7 −7.1 −3.2 −4.3 187.6 190.1
4.31 −8.2 −6.2 −2.2 −3.2 189.7 191.8
4.70 −7.0 −5.6 −1.5 −2.4 191.3 193.1
5.09 −6.1 −5.2 −0.9 −1.7 192.7 194.2
5.48 −5.4 −4.7 −0.3 −1.2 193.8 195.1
5.87 −4.9 −4.4 0.1 −0.8 194.7 195.7
(flat) −2.1 −2.3 1.7 1.8 200.1 199.7

armchair-like

radius of curvature σ(11) σ(22) σ(33)

3.39 −10.3 −11.2 −5.7 −3.6 184.6 185.4
4.07 −7.7 −8.1 −3.4 −1.7 189.2 190.0
4.75 −6.1 −6.2 −1.9 −0.5 192.3 193.1
5.42 −5.2 −5.1 −1.0 0.2 194.5 195.2
6.10 −4.6 −4.5 −0.5 0.6 196.0 196.6
6.78 −4.2 −4.0 0.0 0.8 197.1 197.5
(flat) −2.1 −2.3 1.7 1.8 200.1 199.7

aFor each principal component, the first number is for the four
carbons that remain coplanar, and the second number is for the two
carbons that do not remain in the plane.
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symmetry of the chemical shielding tensor for carbons in the
central aromatic ring.
Calculated chemical shielding values of pyrene carbons in the

1,8-dioxa[8](2,7)pyrenophane molecule, for which experimen-
tal chemical shifts are available,13 follow the same trends. Table
3 compares experimental and calculated chemical shift tensor
elements and calculated chemical shielding tensor elements for

1,8-dioxa[8](2,7)pyrenophane, as well as for pyrene, the
analogous flat structure. Our calculated shielding values indicate
that all three components of the chemical shielding tensor are
less shielded in the curved pyreneophane than in the flat pyrene
molecule, with σ22 having the smallest change. However, the
experimental values suggest a ∼ 20 ppm increase in shielding of
δ22 going from the flat pyrene molecule to the curved 1,8-

Figure 5. Chemical shielding tensor components in the curved structures, compared to the analogous chemical shielding component in flat
circumcoronene; (a) zigzag-like structures and (b) armchair-like structures. Filled markers are for the four carbons that remain coplanar as the
structure is curved, and open markers represent the two carbons that do not remain coplanar.

Figure 6. Span and skew of the carbon chemical shielding tensor as a function of curvature; (a) zigzag-like structures and (b) armchair-like
structures. Filled markers are for the four carbons that remain coplanar as the structure is curved and open markers represent the two carbons that do
not remain coplanar. The corresponding span and skew for flat circumcoronene are indicated by a dashed line.

Table 3. Experimental and Calculated Chemical Shift Tensor Components in Pyrene and 1,8-Dioxa[8](2,7)pyrenophane (ppm)

experimentala calculationsa (lit.) calculations (this work)

δ(11) δ(22) δ(33) δ(11) δ(22) δ(33) σ(11) σ(22) σ(33)

pyrene 197.0 191.0 −18.0 −12.0 −7.9 195.8
pyreneophane 211.9 171.6 0.8 202.8 190.8 −6.0 −19.9 −8.6 193.3
curved pyrene −30.4 −13.8 186.4
curved OH −24.3 −9.8 185.7
curved OCH3 −24.5 −9.2 185.2

aData from ref 13.
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dioxa[8](2,7)pyrenophane molecule. Chemical shifts that have
been calculated13 using a larger basis set (Pyreneophane heavy
atom coordinates were taken from the crystal structure and the
hydrogen atom positions were optimized using B3LYP/6-
311G**. Chemical shieldings were also calculated using
B3LYP/6-311G**) also do not well reproduce the exper-
imental value of δ22 for the curved 1,8-dioxa[8](2,7)-
pyrenophane. Calculations for a curved pyrene molecule with
carbon atoms placed at the coordinates of the corresponding
carbon atoms in the pyreneophane crystal structure, as well as
calculations for a curved pyrene with −OH and methoxy
substituents (listed in the last three rows of Table 3) indicate
that this large discrepancy between calculated and experimental
values of the δ22 component is not due to substituent effects.
NICSs are important not only as a measure of aromaticity

but as an indicator of the change in chemical shift that would be
felt by a nucleus located at a particular position in space, due to
ring current effects from nearby aromatic rings. Since it is
related to the aromaticity of a molecule, the NICS is expected
to be influenced by the circulating current density in aromatic
compounds. In Figure 7, we show the isotropic values of NICS

calculated along a line normal to the central carbon ring in
several flat (Figure 7a) and curved (Figure 7b) aromatic
structures. These values are in good agreement with those in
the literature.2,28,42 The NICS values in the center of the central
aromatic ring (NICS(0), 0 on the abscissa in Figure 7) for
benzene, coronene, circumcoronene, and corannulene are in
agreement with the calculated current densities for these
molecules.16,17 Benzene and circumcoronene have diatropic
ring currents in their central aromatic ring, and have negative
NICS(0) values. On the other hand, coronene and
corannulene43 have paratropic ring currents in their central
aromatic ring and have positive NICS(0) values. As can be seen
in Figure 7a, benzene and circumcoronene have a maximum

(highest magnitude) NICS at about 1.0 Å from the center of
the ring, while coronene, also a flat molecule, has a maximum
NICS closer to 1.75 Å from the ring.
Figure 7b illustrates the difficulty in comparing flat and

curved structures with different numbers of carbon atoms and
with different numbers of five- and six-membered rings. NICS
calculated on a line normal to the central carbon ring of
coronene, a flat molecule, are shown for comparison with the
NICS calculated on the concave and convex sides of the curved
molecules corannulene and sumanene. As can be seen from
Figure 7b, there is no clear relationship between either the
maximum NICS value or the distance of the maximum NICS
from the ring center and the curvature of the system. For this
reason, we aimed to compare NICS on the concave and convex
faces of curved molecules with different degrees of curvature,
but the same number of carbon atoms and aromatic rings.
For each of our curved circumcoronene-like structures,

NICSs were calculated on a line perpendicular to the central
carbon ring on the convex and concave side of each structure,
and are shown in Figure 8. For reference, the NICS for a flat
circumcoronene molecule is also shown in red on each graph.
In all cases, the NICS is everywhere negative (meaning that a
nucleus placed near either face of the structures feels a shielding
effect) and approaches zero as the distance from the ring center
increases. Since the NICS are always negative, in the rest of this
paragraph we will refer to the magnitude of the NICS. The
maximum NICS (largest magnitude) occurs at about 1 Å from
the face of the aromatic ring. For both the zigzag-like and
armchair-like structures, the NICS decreases on the convex side
and increases on the concave side as the radius of curvature
decreases. Notably, the decrease of the NICS on the convex
side is greater than the increase on the concave side. We
attribute this to two competing factors. As the radius of
curvature decreases and the degree of curvature increases, the
aromaticity of the central carbon ring is presumably destroyed
due to a decrease in orbital overlap as the geometry is distorted
from flat. This would be expected to lead to a decrease in NICS
for both the convex and concave side. However, as the degree
of curvature increases, geometrical effects are also present.
Increasing the curvature brings the outer aromatic rings closer
to the concave face of the central aromatic ring. This increases
the NICS on the concave side of the structure, since a nucleus
placed near this face now feels ring current effects not only
from the central aromatic ring, but also stronger ring currents
from the outer aromatic rings. The competing effects of
decreasing aromaticity and the outer rings moving closer to the
concave face as curvature increases leads to a negligible
difference in NICS among the curved structures (some
anomalies in the NICS values for the concave side between 2
and 4 Å are due to the influence of the protons and carbons on
the “other side” of the curved structure).
The change in NICS with curvature can perhaps be seen

more clearly in Figure 9, which plots the NICS at the ring
center (called NICS(0)), the NICS 1 Å from the ring center on
the convex face (NICS(1)), and the NICS 1 Å from the ring
center on the concave face (NICS(−1)) compared to the
corresponding NICS for the flat structure. The open data
points are for the zigzag-like structures and the filled data points
are for the armchair-like structures. For both zigzag-like and
armchair-like structures, the NICS(0) becomes slightly more
positive upon increasing curvature, meaning that the magnitude
of the shielding effect induced by the structure decreases. The
difference between the NICS(0) in the zigzag-like and

Figure 7. NICSs calculated on a line normal to the plane containing
the central carbon ring as a function of distance from the center of the
ring for a selection of (a) flat and (b) curved molecules. NICS for
coronene are also included in (b) for comparison.
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armchair-like structures can be due to the method used to
define the center of the aromatic ring, since only the four
carbons that remain coplanar in each structure were used to
calculate the geometric ring center. For the NICS(1) and
NICS(−1), the agreement between the zigzag-like and
armchair-like structures is better. Increasing curvature causes
the NICS(1) on the convex face to increase and the NICS(−1)
on the concave face to decrease, but the effect is greater for the
NICS(1) due to cancellation from competing effects of
decreasing aromaticity and outer rings being brought closer
to the concave face. In Figure 9, highly curved structures with a
radius of curvature less than 3 Å were not considered since the
NICS(1) and NICS(−1) in these structures are influenced by
atoms on the other side of the curved structure.

■ CONCLUSIONS

The change in chemical shielding of carbons in curved
polycyclic aromatic hydrocarbons has been systematically
studied by examining curved structures with the same number
of carbon atoms as the flat circumcoronene molecule. We
found that increasing the degree of curvature (decreasing the
radius of curvature) leads to a monotonic decrease in shielding,
with the σ33 component having the largest change. Introducing
curvature in either the x or y direction, corresponding to
armchair-like or zigzag-like structures, has a similar effect on the
resulting shielding values. The span of the chemical shielding
tensor decreases as the degree of curvature is increased, while
the skew remains close to +1, indicating that the electronic
environments in the directions of the σ11 and σ22 shielding
tensor components are similar.
In addition, increasing the curvature causes the NICS on the

concave side of the curved structure to increase in magnitude
and the NICS on the convex side to decrease in magnitude.
However, the same radius of curvature has a greater effect on
the NICS on the concave side than on the convex side. We
believe this is due to two competing factors. As the curvature
increases, aromaticity of the central ring is destroyed, leading to
a decrease in magnitude of the NICS. However, as the
curvature increases, points on the concave side are also brought
into closer proximity to the faces of other rings, leading to an
increase in shielding. This increase in shielding outweighs the
decrease due to loss of aromaticity, but as both factors are
contributing, the shielding increase is not as great on the
concave side as the shielding decrease on the convex side. The
work described here will be important in understanding
experimental carbon chemical shifts in curved systems such as
carbon nanotubes, fullerenes, and similar structures.
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Figure 8. NICSs as a function of distance from the ring center; (a) on the convex side of zigzag-like structures, (b) on the concave side of zigzag-like
structures, (c) on the convex side of armchair-like structures, and (d) on the concave side of armchair-like structures. The radius of curvature of each
curved structure is indicated, and the corresponding NICS for the flat circumcoronene structure is shown in red for comparison.

Figure 9. Change in NICS as a function of curvature, as compared to
the flat structure. Values shown are NICS for the curved structure
minus NICS for the flat structure, so that a negative number means
that the NICS is more shielded in the curved than in the
corresponding flat structure. NICS were measured at the center of
the central aromatic ring (NICS(0)) and 1 Å above (convex face,
NICS(1)) or below (concave face, NICS(−1)) the plane of the central
aromatic ring. Filled points are for the armchair-like structures and
open points are for the zigzag-like structures.
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